PaaI thioesterases are members of the TE13 thioesterase family that catalyze the hydrolysis of thioester bonds between coenzyme A and phenylacetyl-CoA. In this study we characterize the PaaI thioesterase from Streptococcus pneumoniae (SpPaaI), including structural analysis based on crystal diffraction data to 1.8-Å resolution, to reveal two double hotdog domains arranged in a back to back configuration. Consistent with the crystallography data, both size exclusion chromatography and small angle x-ray scattering data support a tetrameric arrangement of thioesterase domains in solution. Assessment of SpPaaI activity against a range of acyl-CoA substrates showed activity for both phenylacetyl-CoA and medium-chain fatty-acyl CoA substrates. Mutagenesis of putative active site residues reveals Asn 37 , Asp 52 , and Thr 68 are important for catalysis, and size exclusion chromatography analysis and x-ray crystallography confirm that these mutants retain the same tertiary and quaternary structures, establishing that the reduced activity is not a result of structural perturbations. Interestingly, the structure of SpPaaI in the presence of CoA provides a structural basis for the observed substrate specificity, accommodating a 10-carbon fatty acid chain, and a large conformational change of up to 38 Å in the N terminus, and a loop region involving Tyr 38 -Tyr 39 . This is the first time PaaI thioesterases have displayed a dual specificity for medium-chain acyl-CoAs substrates and phenylacetyl-CoA substrates, and we provide a structural basis for this specificity, highlighting a novel induced fit mechanism that is likely to be conserved within members of this enzyme family.
Thioesterases (TEs) 2 are a superfamily of enzymes responsible for the catalysis of thioester bonds between carbonyl and thiol groups. Due to their wide range of cellular functions, diverse substrate specificity, and structural differences, they have been classified into 23 families (1) . TE families 1-13 hydrolyze thioester bonds between acyl moieties and CoA, TEs 14 -19 exhibit preference to acyl groups linked to ACP, TEs 20 -21 cleave thioester bonds between acyl groups and non-ACP proteins, and TEs 22-23 hydrolyze the glutathione and its derivatives from acyl groups. There are 5-folds within the TE superfamily, NagB, ␣/␤-hydrolase, flavodoxin-like, hotdog, and lactamase, with the hotdog and ␣/␤-hydrolase folds most prevalent (1) .
The thioesterase characterized in this study is a member of the TE13 family. To date, members of this family include PaaI and PaaD, and have been structurally resolved from Thermus thermophilus (Protein Data Bank (PDB) 1J1Y) (2) and Escherichia coli (PDB 2FS2) (3) . Biochemical and structural characterization of PaaI from these organisms has established that the enzymes form a tetrameric hotdog fold, with catalytic specificity toward the hydrolysis of phenylacetyl-CoA (3) . The arrangement of the hotdog folds in these enzymes has been described as a back to back configuration, such that the double hotdog domain are arranged with the ␤-sheets "back to back" or facing inwards, and the central ␣-helices face the exterior. The active sites of double hotdog domains are commonly located at the cleft between two subunits, and there are generally two symmetry related active sites related within each double hotdog domain.
Regulation within this enzyme family has been characterized, including a structural basis involving a ligand-induced fit mechanism and intersubunit cooperativity. Interestingly, a half-of-sites cooperativity was described for the PaaI, and this appears to be somewhat conserved in other TE thioesterase families, including in eukaryotes, where hotdog domains that have fused through gene duplication, utilize only half of the potential active sites through mutation (4 -9) .
Because most of our current understanding within this class of enzyme is based on structural elucidations from two organisms, we have determined the structure and functional aspects of the PaaI thioesterase from Streptococcus pneumoniae, which possess 35 and 27% sequence identity to the reported E. coli and T. thermophilus enzymes, respectively. The tertiary structure is highly comparable with other PaaI thioesterase, and consistent with this, activity is exhibited for phenylacetyl-CoA. We also report the first small angle x-ray scattering assessment of the quaternary structure, providing evidence that the quaternary structure observed in solution is consistent with that in the crystal structure. Interestingly, higher activity was observed for medium-chain fatty acyl-CoA substrates, and this is the first report of a PaaI having specificity for these substrates. We provide a structural basis for this specificity, and moreover, the determination of the structures in the presence of CoA reveal a novel induced mechanism involving a large conformation switch in the N-terminal region to provide accessibility to the substrate binding site.
Experimental Procedures
Cloning and Mutagenesis-The SpPaaI encoding gene SP_1851 was amplified from genomic DNA of S. pneumoniae by PCR using specific primers; forward primer, TACTTCCA-ATCCAATGCCATGAAAGACTTTCATTTTGACGCTAT-ATCTG and reverse primer TTATCCACTTCCAATGTTA-TTATATCCTTACCCGTCTTTCCTCAG, where the bold nucleotides are required for the ligation independent cloning procedure (10) , and the underlined nucleotides are complementary to the gene sequence. The purified PCR product, cloned into the pMCSG-21expression vector encodes a His 6 tag fusion at the N terminus of the protein and tobacco etch virus cleavage site for removal of the affinity tag. Three mutants of active site residues SpPaaI-N37A, SpPaaI-D52A, and SpPaaI-T68A were generated using specific primers and the QuikChange II Site-directed mutagenesis kit (Stratagene).
Protein Expression and Purification-The fidelity of all recombinant clones was confirmed by PCR and DNA sequencing. Plasmids were transformed into the E. coli BL21(DE3) pLysS cell strains, and a single colony was used to inoculate 5 ml of Luria-Bertani broth containing 100 g/ml of spectinomycin antibiotic. Cultures were grown overnight at 37°C, 220 rpm, and used to inoculate 2 ϫ 500-ml baffled flasks containing autoinduction media and spectinomycin to a final concentration of 100 g/ml (11) . Cultures were grown at 25°C, 90 rpm, for 24 h, then harvested by centrifugation at 6,000 rpm for 30 min. Cell pellets were resuspended in His A buffer (100 mM sodium phosphate, pH 8.0, 300 mM sodium chloride, 20 mM imidazole) and stored at Ϫ80°C for up to 1 month. To lyse the cells, three freezing-thawing cycles were performed in the presence of 1 ml of lysozyme (20 mg/ml). The cell debris was cleared by centrifugation at 12,000 rpm and 18°C for 30 min and the supernatant was filtered through a 0.45-m syringe filter (Millipore, USA) before applying to a 5-ml HisTrap affinity column (GE Healthcare, USA). Following loading, the column was washed with 10 column volumes of His A buffer to remove nonspecific proteins, and the protein was eluted using a gradient over 5 column volumes to 100% His buffer B (100 mM sodium phosphate, pH 8, 300 mM sodium chloride, 500 mM imidazole). Protein fractions eluted from the affinity column were pooled and treated with 100 l of tobacco etch virus polymerase (5 mg/ml) overnight and further purified using size exclusion chromatography equilibrated in 50 mM Tris, pH 8.0, 150 mM NaCl. A total of 10 mg of wild-type SpPaaI (SpPaaI-WT) protein, 9 mg of SpPaaI-N37A, 7 mg of SpPaaI-D52A, and 12 mg of SpPaaI-T68A was produced per liter of bacterial culture, and each protein concentrated to 1 ml and stored at Ϫ80°C in 50-l aliquots.
SAXS Data Collection-Small angle x-ray scattering (SAXS) data were collected at the Australian Synchrotron on the SAXS/ WAXS beamline using the Pilatus 1M detector. Data were collected over concentration ranges of 0.3-5 mg/ml. For each sample, 50 l of sample was drawn through a 1.5-mm quartz capillary and exposed to the x-ray beam. The scattering data were collected from q ϭ 0.009 to 0.541 Å and reduced to remove background buffer and capillary noise/scattering. Detector images for each concentration were averaged using Scatterbrain to generate a number of SAXS data sets for subsequent analysis using ATSAS (version 2.4.3) software (12) . PRIMUS (13) was used to subtract background scattering from data files and Guinier fits and P(r) distribution plots were generated using GNOM (14) . CRYSOL (12) was used to generate theoretical curves and compare scattering data with crystal structure data (15) .
Crystallization and X-ray Diffraction-SpPaaI-WT enzyme and mutants were screened using the hanging drop vapor diffusion method using the commercially available Hampton Research Screens, Crystal Screen, and PEG/Ion. From these screens, 6 conditions produced crystals (Crystal Screen Conditions 6, 9, and PEG/Ion 13, 20, 25, and 38), all of which contain a common precipitant of either PEG 3350 or PEG 4000. Crystals were optimized by varying pH, precipitant concentration, and protein concentration, to yield single diffraction quality crystals. The single diffraction quality crystal of SpPaaI-WT, SpPaaI-CoA, mutants SpPaaI-N37A, SpPaaI-D52A, and SpPaaI-T68A were obtained in conditions composed of 200 mM ammonium tartrate dibasic, 20% PEG 3350, 100 mM Tris, pH 7.5; 200 mM lithium sulfate, 100 mM Tris-HCl, 30% PEG 4000; 200 mM magnesium chloride, PEG 400, 100 mM HEPES, pH 7.5; 200 mM magnesium chloride, 14% PEG 3350, 100 mM Tris, pH 6.0, respectively. Diffraction data were collected at the Australian Synchrotron MX1 and MX2 beamlines, indexed and integrated using iMosflm (16) , and scaled in Aimless (17) (18) (19) . Molecular replacement was performed using Phaser (20) and PDB code 3LLB as a search model (data resulted in one top solution with an initial R-factor, and correlation coefficient of 0.32 and 0.78 for SpPaaI-WT, 0.37 and 0.69 for SpPaaI-CoA, 0.25 and 0.81 for SpPaaI-D52A, and 0.27 and 0.82 for SpPaaI-T68A). The structural refinement and model building was performed using Refmac version 5.7.0029 (21, 22) , Phenix (23, 24) , and Coot (25) .
Activity Assays-Enzyme activity of SpPaaI-WT and mutants were measured spectrophotometrically using a coupled color change reaction with 5,5-dithiobis-(2-nitrobenzoate) as described previously (26 -29) . Each 100-l assay volume contained 10 mM 5,5-dithiobis-(2-nitrobenzoate) in 100 mM sodium phosphate buffer, pH 7.5, 1.8 ng of protein, and decanoyl-CoA at various concentrations as specified. Release of CoA at 412 nm was measured over 20 min at 21°C in a 96-well plate and activity was calculated using the extinction coefficient ⌺412 ϭ 13,600 M Ϫ1 cm Ϫ1 (29) . GraphPad Prism (version 6) was used to plot the data and calculate enzyme kinetics. purification by affinity and size exclusion chromatography resulted in Ͼ95% purity of SpPaaI-WT. The enzyme could be concentrated to Ͼ25 mg/ml ( Fig. 1 and data not shown), and large protein crystals with dimensions of ϳ0.3 ϫ 0.3 ϫ 0.05-mm were produced in 200 mM ammonium tartrate dibasic, 20% (w/v) PEG 3350, and 100 mM Tris, pH 7.5 (data not shown). Crystals were cryo-protected in a solution comprised of reservoir solution containing 25% glycerol and flash-cooled prior to data collection to minimize radiation damage during data collection. Crystals diffracted to 1.8 Å (data not shown) ( Table 1) , and reflections were integrated and scaled in C222 1 with cell lengths of a ϭ 46.18 Å, b ϭ 118.44 Å, c ϭ 86.64 Å using iMosflm (16) and Aimless (17) (18) (19) (Table 1 , SpPaaI-WT; completeness Ͼ99%, R pim 4.6%). The Matthews coefficient suggested that 2 protein monomers were present in the asymmetric unit (corresponding to a solvent content of 39%), and the structure was solved by molecular replacement (using PDB code 3LLB as search model) in Phaser (20) . Model rebuilding and refinement in REFMAC (21, 22 ) produced a final model with R cryst and R free of 21.6 and 25.4%, respectively, and coordinates have been deposited and validated and issued PDB code 4ZRF. Contiguous electron density enabled all residues of the enzyme to be modeled with the exception of the first 4 N-terminal residues, and 9 C-terminal residues. The final structure was comprised of 2 chains of 121 residues (5-125) in each chain, no Ramachandran outliers (30), and good stereochemistry (see Table 1 for the structure determination and refinement parameters of SpPaaI-WT). The r.m.s. deviation between the two chains was 0.3 Å, and due to the high structural similarity, all discussion relating to the monomer will be with reference to chain A.
The SpPaaI monomer contained a six-stranded anti-parallel ␤-sheet that half encloses a central ␣-helix ( Fig. 2A ). The overall topology of the secondary structure elements, ␤-␤-␣-␤-␤-␤-␤ fits the classic "hotdog" fold, with the ␣-helix representing the 
TABLE 1 Data collection and refinement statistics of SpPaaI-WT, SpPaaI-CoA, SpPaaI-D52A, and SpPaaI-T68A
Statistics for the highest-resolution shell are shown in parentheses. "sausage" and the anti-parallel ␤-sheet representing the "bun."
SpPaaI-WT
The length of the ␤-strands vary between 6 to 13 residues and are comprised of Glu 16 -Arg 21 , His 24 -Lys 30 , Asp 65 -Tyr 75 , Val 84 -Gln 94 , Thr 98 -Thr 106 , and Asn 112 -Gly 124 . All possible quaternary structures were assessed by characterizing the interfaces both within the asymmetric unit, and possible oligomers formed by symmetry operations. The most probable biological quaternary structure was a tetramer of SpPaaI monomers, with D2 symmetry, formed by a dimer of the dimers present in the asymmetric unit (see below for confirmation of the quaternary structure) ( Fig. 2C ). Two types of intermolecular interfaces dominate within the tetramer, interface I comprising contacts that mediate interactions between the double hotdog domain (see Fig. 2C , chains A:B and C:D), and interface II, the binding region between two double hotdog domains associating in a back to back conformation ( Fig. 2C , chains A:D and B:C). The contacts that form the double hotdog domain at interface I include an extensive array of hydrogen bonds and two salt bridges as summarized in Table 2 , and comprise a buried interface area of 1,329 Å 2 (or ϳ20% total surface area). The two salt bridge interactions are formed between residues His 43 and Asp 52 and the corresponding symmetry related interaction (Fig. 2D ). Interactions at interface II are much weaker, with a total interface area of only 430 Å 2 (6% total surface area), mediated through six hydrogen bonds ( Table 2) and four salt-bridge interactions, the latter interactions involving Lys 115 and Asp 102 ( Fig. 2E) . A full description of the interactions is summarized in Table 2 .
Confirmation of Quaternary Structure-Although the interactions of interface II appear rather weak, the proposed tetrameric arrangement of hotdog domains observed in the crystal is supported by both experimental data obtained in solution, including small angle x-ray scattering and analytical size exclusion chromatography, as well as other crystal forms obtained for the mutant SpPaaI (see below). Confirming that the overall quaternary structure is not concentration dependent, the SAXS data showed similar scattering profiles over a range of concentrations (0.3-5 mg/ml) ( Fig. 3 ) (see also Table 3 for overview of SAXS data). Comparison of the theoretical scattering profiles of different possible oligomeric states with the experimental SAXS scattering profile clearly establish that the best fit was achieved with a back to back tetramer arrangement. This experimentally determined tetrameric quaternary structure of SpPaaI is likely be conserved in other PaaI structures, with two deposited structures (PDB codes 1J1Y and 2FS2) showing similar quaternary structures (see Fig. 4A ; quaternary structures of SpPaaI, E. coli-PaaI (PDB 2FS2), T. thermophilus-PaaI (PDB code 1J1Y)). JANUARY 22, 2016 • VOLUME 291 • NUMBER 4
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Substrate Specificity, Specific Activity, and Active Site Determination-Because the substrate specificity of SpPaaI has yet to be determined, we assessed the activity for a range of thioester-CoA substrates (4, 29) . We found that whereas SpPaaI-WT displayed a greater activity for phenylacetyl (PA)-CoA than very short and long chain saturated fatty acyl-CoA substrates, the greatest activity was observed for medium-chain fatty acyl-CoA substrates (Fig. 5A ). This was confirmed through enzyme kinetic comparisons of SpPaaI against decanoyl (C10)-CoA and PA-CoA, revealing a k cat of 6.5 s Ϫ1 and specificity constant of 7.2 ϫ 10 4 (M Ϫ1 s Ϫ1 ) for PA-CoA, and respective values of 32.8 s Ϫ1 and 1.8 ϫ 10 5 (M Ϫ1 s Ϫ1 ) for C10-CoA (Fig. 5, B and C, Table 4 ). Interestingly, the enzyme kinetic data presented evidence of a multistate model rather than a simple Michaelis-Menten kinetic model. Accordingly, the data best fitted a nonlinear allosteric sigmoidal curve, exhibiting a Hill coefficient (H) of two, for both C10-CoA and PA-CoA substrates (Fig. 5, B and C, Table 4 ). This is consistent with the structural data (described below) revealing that half the active sites of SpPaaI, when crystallized in the presence of PA-CoA, were occupied by the reaction product, CoA. Despite a relatively high degree of structural homology within hotdog containing thioesterases, a diverse range of active site configurations has been reported (see Table 5 ). To better understand both the active site configuration within the SpPaaI thioesterase and establish a more general understanding of active sites within thioesterases, we set out to characterize the active site through mutagenesis of putative active site residues. Examination of the active site region determined from the location of the terminal S atom within CoA, cocrystallized with a number of structures (described below), revealed three putative active site residues. These were Asn 37 (positioned in the middle of the loop between ␤2 and the central ␣ helix), Asp 52 (located on the middle of the central ␣ helix), and Thr 68 (positioned within ␤3, Fig. 6 ). To investigate the role of these residues in catalysis, we generated N37A, D52A, and T68A mutants and tested for activity against C10-CoA and PA-CoA. The activity of both N37A and D52A mutants was completely abolished in both substrates, whereas the activity of T68A showed a marked reduction (Fig. 5, B and C) . This active site is most similar to that described for human thioesterase superfamily member 2 (hTHEM2: PDB code 3F5O, see Table 5 ), suggesting that this is a highly conserved active site from prokaryotes to humans (5, 32, 33) .
The Structures of SpPaaI-D52A and SpPaaI-T68A-To confirm that the loss of activity observed in the mutants were due to loss of active site residues rather than loss of structure, as well as to confirm the tertiary and quaternary structures in different space groups, we solved the structures of two of the mutant proteins in alternate crystal forms, and confirmed that all three enzymes form the same tetrameric association by size exclusion chromatography (data not shown). SpPaaI-D52A and SpPaaI-T68A mutants were crystallized in I121 and C222 space groups, and contained 2 and 1 molecules in the asymmetric unit, respectively. The refined structure of the SpPaaI-WT was used for molecular replacement. Refinement to an R/R free (%) of 18.52/22.54 and 18.21/22.07, respectively, revealed clear density, including those residues containing mutations. The structures were highly similar to the wild-type enzyme, and comparison of the crystallographic tetramers in the three crystal structures revealed r.m.s. deviations values of 0.38 Å between SpPaaI-WT and SpPaaI-D52A and 0.48 Å between SpPaaI-WT and SpPaaI-T68A (see Table 1 for the structure determination and refinement parameters of SpPaaI-WT and mutants, confirming similar tertiary quaternary structures (Fig. 4) ). Similarly, the positioning of the active site residues within the mutant enzymes were structurally conserved and highly similar to that observed within SpPaaI-WT (data not shown).
SpPaaI:CoA-bound Structure Reveals a Novel Induced Fit Conformational Change-To assess whether the structural elucidation of SpPaaI could provide insights into the substrate specificity determined in the activity assays, modeling of CoAbound ligands from superimposed structures (residues 5-123 of PDB code 4ZRF and residues 2-139 of PDB code 3F5O) was performed, but revealed clashes in the adenosine moiety of CoA, and a large occlusion in the substrate binding pocket. We therefore set out to determine the structure of SpPaaI in the presence of both PA-CoA and C10-CoA. Crystals were obtained in the presence of both substrates, however, only conditions containing PA-CoA led to a complete data set. The asymmetric unit of the crystal structure contained 8 double hotdog domains, arranged as two tetrameric quaternary config- urations as determined in the apo and mutant forms (r.m.s. deviations 0.38 and 0.48 Å). Interestingly, CoA, the end product of the reaction, was bound at half the possible binding sites (Fig.  7) . A number of other structures have also exhibited a half-ofsites reactivity, whereby only one of two domains/protomers are participating in the given reaction (34 -36) . There are four proposed mechanisms that result in a half-of-the-sites reactivity. In the first mechanism, the domains/protomers are not identical, for example, isozymes having a single amino acid change in the binding site that alters ligand binding capacity. A second mechanism includes dimerization of identical polypeptide chains in an asymmetric fashion, introducing non-identical conformations of two active sites (37) . A third mechanism occurs when the active sites are sufficiently close together, and the binding of one molecule sterically blocks or electrostatically repels the second molecule. Finally, the fourth mechanism includes a ligand-induced conformational change, upon ligand binding, in one of the two identical sites, an induced a conformational change in the other active site (2, 36) . In our structure, we observed a large 34-Å conformational change within the first 11 N-terminal residues, in half of the thioesterase domains ( Fig. 8) . Thus, in each of the two tetramers within the asymmetric unit, half the hotdog domains contained the N-terminal residues positioned in a ␤-strand conformation, traversing the other hotdog domain in the protomer (similar to all the apo- showing similar tertiary and quaternary arrangements (blue color) and minor secondary structural differences (red color); B, SpPaaI-D52A and SpPaaI-T68A mutant enzymes solved in different space groups demonstrating high structural conservation in both tertiary and quaternary structures. and mutant forms crystallized across three space groups), whereas within the other half the hotdog domains contained double hotdog protomers where the N-terminal residues are kinked back at a pitch of ϳ135°to form an ␣-helix, which starts at Ala 11 . Significantly, these two different conformations moderate the spatial position of the loop connecting ␤-strand 2 with the central ␣-helix. This displaces the two tyrosine residues, Tyr 38 -Tyr 39 , by up to 12 Å from the ligand binding site ( Fig. 8 and data not shown) (see Table 6 for a list of interacting residues at these interfaces). Because the crystal structures did not reveal electron density for the fatty acyl molecules, we modeled a complex of SpPaaI bound with decanoyl-CoA (obtained by superimposing PDB 3F05) and phenylacetyl-CoA (obtained by superimposing PDB code 4QD8). This revealed well accommodated binding sites for both a 10-carbon fatty acid chain as well as phenylacetate (data not shown). These binding sites are formed largely from hydrophobic residues contributed from both protomers within the double hotdog fold, including Met 1 , Phe 4 , Ile 60 , Gly 66 , Val 67 , Thr 68 , Phe 121 , and Thr 123 from one protomer, and Asn 37 , Tyr 39 , Ala 42 , Tyr 75 , Leu 76 , and Ala 78 from protomer 2 binding to decanoyl-CoA; and Asp 52 , Val 67 , Thr 68 , Leu 69 , and Phe 121 from one protomer, and Gly 44 , Tyr 75 , Leu 76 , and Lys 77 from protomer 2 binding phenylacetyl-CoA.
Comparison of SpPaaI with Structurally Related Enzymes-A comparison with other related thioesterases was performed using DALI to assess active site configurations and substrate binding sites between the most structurally related proteins (38) . Overall, SpPaaI displayed quite low sequence homology to other thioesterases (6 -27% identity) with the exception of a protein from Streptococcus mutans UA159 (PDB code 3LBB; sequence identity 67%), solved by the structural genomics consortium, but remains uncharacterized and unpublished. This enzyme was solved in apo (PDB code 3LBB) and CoA (PDB code 3LBE) bound forms, and revealed similar conformational changes noted in our structures, but with some major excep-tions. In the apo structure, all N-terminal residues were positioned in the ␤-strand configuration, similar to those observed in our apo-and mutant enzymes, however, in the PDB 3LBE deposition, the CoA-bound structure contained CoA bound at all the sites, and all hotdog domains were induced into an active ␣-helix conformation. It is therefore likely that these enzymes may exist in different CoA-bound states, which correlate directly with the number of domains that have induced N-terminal conformational changes and exposed substrate binding sites. In this study, we have characterized structural conformations where none of the thioesterase domains are bound by CoA, and correspondingly, these thioesterase domains display N-terminal conformations that solely exist in a ␤-strand configuration (PDB codes 4ZRF, 4XY5, and 4XY6). We have also determined a structure where half the thioesterase domains are bound by CoA, and therefore only half the thioesterase domains are induced in the ␤-strand configuration, whereas the other half are in the ␣-helix conformation (PDB code 4ZRB). We have also identified through homologous structural alignment, a closely related structure where the thioesterase domains are all bound to CoA, and concomitantly, all domains exist in the ␣-helix configuration (PDB code 3LBE). Interestingly, other thioesterases have been shown to display induced conformational changes, but through different mechanisms. For example, the conformational changes observed in the PaaI structures of T. thermophilus shows CoA exhibits a half-of-sites reactivity through small, rigid body changes in the rearrangement of hotdog subunits. Moreover, it was shown in this system that CoA was bound at two of the four hotdog domains within the biological unit of the crystal structure. Similarly, half-of-sites reactivity has also been noted in other families of thioesterases including those exhibiting a hexameric quaternary structure, but also through different mechanisms (4, 9) . Thus, it appears that half-of-sites is conserved in this family of thioesterases, and it is possible that the structure determined in our study represents a transition state along the pathway in becoming fully loaded with CoA. The precise biological role for the half-of-sites reactivity in thioesterase domains remains to be elucidated, however, that it appears to be present in different thioesterase families including prokaryotes and eukaryotes, and that different mechanisms have evolved to maintain these features within thioesterases, is indicative they are important for function. That the active site of nearly all thioesterase members is achieved through a double hotdog association, and yet most thioesterases are reported to exhibit tetrameric and hexameric quaternary structures, may in part be related to this half-of-sites reactivity and a potential mechanism of regulation, although this needs to be confirmed experimentally.
Conclusion
SpPaaI is a tetrameric hot-dog thioesterase, with domains arranged in a back to back configuration. This tetrameric configuration has been confirmed in solution for the first time using SAXS, and activity has been determined for both phenylacetyl-CoA and medium-chain acyl-CoA substrates. Residues Asn 37 , Asp 52 , and Thr 68 were shown to be crucial for activity, and the structural integrity of these mutants were confirmed by crystallography. CoA occupies only half of the potentially active binding sites, and is associated with a large conformational change in the N terminus of the protein of up to 38 Å. This is associated with conformational changes in a loop region containing Tyr 38 -Tyr 39 that modulates the accessibility of the substrate binding site. The functional role of half-of-sites reactivity remains to be elucidated, however, is conserved among members of the thioesterase family.
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